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ABSTRACT Single-molecule tracking of membrane proteins has become an important tool for investigating dynamic processes
in live cells, such as cell signaling, membrane compartmentation or trafﬁcking. The extraction of relevant parameters, such as
interaction times between molecular partners or conﬁnement-zone sizes, from the trajectories of single molecules requires
appropriate statistical methods. Here we report a new tool, the speed correlation index, designed to detect transient periods of
directed motion within trajectories of diffusing molecules. The ability to detect such events in a wide range of biologically relevant
parameter values (speed, diffusion coefﬁcient, and durations of the directed period) was ﬁrst established on simulated data. The
method was next applied to analyze the trajectories of quantum-dot-labeled GABAA receptors in nerve growth cones. The use of
the speed correlation index revealed that the receptors had a ‘‘conveyor belt’’ type ofmotion due to temporary interactions (;4.0 s)
between the receptors and the microtubules, leading to an average directed motion (velocity ;0.3 mm s1) in the growth-cone
membrane. Our observations point to the possibility of a cytoskeleton-dependent redistribution of the sensing molecules in the
membrane, which could play a role in the modulation of the cell response to external signals.
INTRODUCTION
Over the past decade, single-molecule imaging has become
an important tool for investigating the dynamics of cellular
processes in live cells. The tracking of single membrane
proteins has enabled the direct observation of important phe-
nomena such as the compartmentation of the plasma mem-
brane in microdomains (1–4), cell signaling in chemotaxis
(5), or the trafﬁcking of neurotransmitter receptors in the
postsynaptic membrane (6–8). Imaging the motion of an indi-
vidual protein is dependent on its biochemical labeling with
an optically detectable probe used to locate the protein with a
spatial accuracy of ;10–40 nm. Probes as diverse as latex
beads (8), gold nanoparticles (1,2,4), organic ﬂuorophores
(5), ﬂuorescent proteins (3), or semiconductor quantum dots
(QDs) (6,9) have been successfully employed to detect in-
dividual molecules in live cells.
In tracking experiments, the raw data are trajectories of
individual biomolecules in the cell membrane. A crucial issue
is how to extract physical information from these trajectories
and to infer the molecular interactions that govern the mo-
tion. In most studies, one relies on a global analysis of the
trajectory with the mean-square displacement (MSD) func-
tion, from which, for instance, the diffusion coefﬁcient or the
velocity can be determined (10,11). However, the compu-
tation of the MSD results from the averaging of displace-
ments along the whole trajectory. This analysis is thus only
suitable for biomolecules for which the motion features
(diffusion coefﬁcient, velocity, etc.) do not change during the
course of the trajectory. As a consequence, local or transient
changes in the lateral dynamics cannot be detected by means
of the MSD. Their identiﬁcation requires appropriate statis-
tical tools, as shown for the detection of temporary conﬁne-
ments of diffusing particles (12,13)
In this article, we report a new statistical tool to detect tran-
sient directed motions based on the analysis of the temporal
correlations of the speed of an individual molecule. It relies
on the fact that these correlations are nonzero for a directed
movement, but vanish for a Brownian motion. The method,
termed the speed correlation index (SCI), was ﬁrst validated
on simulated trajectories. Next, it was applied to study the
motion of GABAA receptors (GABAARs) in the membrane
of nerve growth cones (GCs). Gamma amino butyric acid
(GABA), a common inhibitory neurotransmitter in the ma-
ture nervous system, is also known to serve as a chemo-
attractant in the developing system (14,15). Understanding
the factors that regulate the membrane dynamics of the
GABAARs is therefore important for elucidating the spatio-
temporal organization of the signal transduction cascade
(16). By means of the SCI, we identiﬁed and characterized
a dynamic equilibrium in which GABAARs alternated be-
tween free Brownian diffusion and microtubule-dependent
directed movement. In the literature, this type of lateral
dynamics, termed a conveyor-belt motion (11,17), has pre-
viously been discussed in theoretical models but has seldom
been identiﬁed in experiments. The coupling of signaling
membrane molecules with the cytoskeleton raises the ques-
tion of how the spatiotemporal organization of the che-
moreceptors might participate to gradient sensing by nerve
GCs.
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METHODS
Generation of synthetic trajectories
Synthetic trajectories were generated to test the SCI method. These trajecto-
ries were composed of 1024 points corresponding to the successive positions
of a single molecule with a time increment t ¼ 75 ms. The motion is a
random walk except for a period during which there is an additional directed
motion. The duration of this period is a random variable determined by an
exponential distribution (a Poisson process) with a given characteristic time T.
The displacement between two consecutive frames is j(t), a two-dimensional
Gaussian variable of variance 2Dt in each direction (D is the diffusion
coefﬁcient, constant during the trajectory), during the phases of Brownian
motion and the sum of j(t) and of a constant displacement vt in one direction
(v is the speed of drift) during the phase of directed motion.
Principle of the SCI
The SCI is based on the fact that temporal correlations of the speed exist in
directed motions, whereas they vanish on average for a purely Brownian
motion. Thus, estimating the local correlations should provide an indicator
of the nature of the motion. However, to analyze a single trajectory, it is nec-
essary to perform averaging in an appropriate time window to achieve a local
analysis while suppressing the noise inherent to trajectories with a Brownian
component. One way to satisfy these two seemingly antagonistic require-
ments is presented below. The algorithm was inspired by the conﬁnement
index introduced to discriminate between free and conﬁned diffusion. (12)
Let us consider a discrete trajectory containing N points corresponding to
the consecutive positions of the particle at times i ¼ 1. . .N. We deﬁne an
averaging window of size L, and consecutive points inside the trajectory are
pooled in segments of length L. It is possible to regroup the points of the
trajectory into L different sets of segments (indexed by k¼ 1. . .L) by shifting
the origin by 0,1,. . .L  1 frames (Fig. 1). These families of segments are
designated by fSk(j)g, where j is the segment number in the set k. Frames at
the beginning or at the end of the trajectory, such that i, L or N – i, l, are
not part of a segment for certain values of k. (Fig. 1). We thus only consider
in the ﬁnal result of the computation the points i where L , i , N  L.
For each different set k, we compute the average two-dimensional
velocity Uk(j) over the full segment Sk(j), and attribute it to every point i
within the segment j. The velocity for the point i belonging to the segment
j in frame k is thus Vk(i) ¼ Uk(j). By repeating this operation for each set k
of segments, one gets the array fVk(i)gk¼1..L. The correlation for the point i
in the set k, Ck(i), is given by:
CkðiÞ ¼ UkðjÞ3Ukðj1 1ÞkUkðjÞk3 kUkðj1 1Þk;
(where Uk(j) 3 Uk(j 1 1) is a scalar product). For each position i, the value
C(i) of the SCI is then obtained by averaging Ck(i) for all the different values
of k (Fig. 1):
CðiÞ ¼ ÆCkðiÞæk¼1...L:
With this deﬁnition, C(i) ¼ 0 on average for a Brownian motion. In the
opposite case of a directed motion with constant speed orientation and no
additional Brownian diffusion, C(i) ¼ 1.
The algorithm presented above is not notably modiﬁed for trajectories
with periods (such as blinking events) during which the particle is not de-
tected. In that case, when frames are missing in a given segment j, the
average velocity Uk(j) is computed between the two most distant frames for
which the particle was detected. As a consequence, it is not possible to com-
pute the SCI on a trajectory containing blinking events that are longer than
the length L. At any rate, it is possible to divide the trajectory into different
parts with no blinking events longer than L and to concatenate the different
parts of the computed SCI.
Optimization of parameters
The choice of the size L of the averaging window is important to optimize
the procedure. If L is too short, no directed motion can be extracted from the
data due to the Brownian noise, and if L is too long, the SCI does not
provide any local information. The greater the value of the speed v is, the
shorter the chosen L can be. A minimal possible value for L is one where the
displacement due to the drift is comparable to the diffusion during the time
Lt: 4DLt  v2L2t2, i.e., L  4D/v2t. When the diffusion coefﬁcient and the
speed are chosen as D ¼ 0.25 mm2 s1 and v ¼ 0.8 mm s1, a choice of
L between 20 and 35 frames is suitable. In the following analysis, we used
L ¼ 30 frames.
On synthetic trajectories simulating a conveyor-belt motion (Fig. 2 A),
one observes phases during which C(i) is high, ;1 (Fig. 2 B), possibly
corresponding to periods of directed motion. To quantitatively identify these
phases, a proper thresholding procedure needs to be deﬁned for the curves
C(i). In particular, it is necessary to discriminate between ‘‘true’’ directed
motions and stochastic ﬂuctuations due to Brownian motion. We have thus
developed an approach to deﬁne a threshold of conﬁdence such that phases
for which C is above the threshold have ,5% probability of being due to
Brownian ﬂuctuations. For that purpose, we generated 100 purely Brownian
trajectories for different values of the threshold Hc (Hc ¼ 0.90, 0.85, 0.80,
0.75, 0.65, and 0.6). By computing the SCI on these trajectories, we de-
termined the frequency with which C remains .Hc during a certain number
of consecutive frames. This provides an estimate of the probability p(Hc,T)
of observing a SCI .Hc for a time longer than T only because of stochastic
ﬂuctuations. We then deﬁned the critical duration Tc such that p(Hc,Tc) ¼
0.05 (Fig. 2 C). Only events for which C is higher than a given Hc during a
period longer than Tc are considered signiﬁcant and are due to directed
motion. To measure the duration of phases of directed motion, we look at the
lowest Hc for which we can detect a signiﬁcant event of high SCI.
Experimental methods
Primary cultures of interneurons were obtained from the spinal cords of
Sprague-Dawley rat embryos at E14 (Janvier, Le Genest St. Isle, France)
FIGURE 1 Principle of the algorithm in the case L ¼ 2. Two sets of seg-
ments are deﬁned (S1 and S2), providing two sets of speeds and correlations,
V1 and V2, and C1 and C2, respectively (C2 is not deﬁned for the frame i¼ 1).
The averaging of correlations yields the value C of the speed correlation
index.
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(18). Spinal cords are dissociated in trypsin-EDTA 2.5% and by mechanical
separation in 0.005 mg/ml DNase (Sigma-Aldrich, St. Louis, MO). Cells are
plated on 60 mg/ml polyornithine-coated glass coverslips (Sigma-Aldrich)
and incubated in glutamine (Invitrogen, Carlsbad, CA) and B27 (Invitrogen)
supplemented with Neurobasal medium (Invitrogen) at 37C under 5% CO2.
Cells are mounted before experiments in minimal essential medium (Sigma-
Aldrich) supplemented with glutamine and B27, and kept in that medium for
the duration of the experiments. g2 subunits of GABAA receptors are se-
quentially labeled with guinea pig anti-g2 antibodies (gift of J. M. Fritschy),
Fab fragment of biotin-goat anti-guinea pig antibody (Rockland Immuno-
chemicals, Gilbertsville, PA), and streptavidin-coated quantum dots (QDot,
Hayward, CA). Receptors are imaged by epiﬂuorescence (IX71 microscope
with 603, NA ¼ 1.4 objective, Olympus, Tokyo, Japan). Single quantum
dots were identiﬁed by their blinking. Image sequences were acquired at a
rate of 13 Hz.
Custom-made software (Mathworks, Natick, MA) allowed us to recon-
struct trajectories of single QDs in the sequence (19). The point spread func-
tion (PSF) of the optical system was measured by imaging single quantum
dots spin-coated on a coverslip. The cross-correlation of each image in the
sequence with a Gaussian approximation of the PSF is computed, and its
local maxima above a user-deﬁned threshold indicate the positions of the
ﬂuorescent nanoparticles. A Gaussian ﬁt around detected maxima allows the
detection of the spot positions with ;10 nm accuracy. The association of
spots of different images within trajectories is based on a nearest-neighbor
rule. For each spot detected in the kth image of a sequence, we computed the
probability of its belonging to a trajectory ending in one of the P precedent
images of the sequence. P is a parameter accounting for the blinking of
the QDs, which in practice is equal to 10 (meaning that P is inferior to the
averaging window L). The computation is made by assuming that all
the trajectories are Brownian with a diffusion coefﬁcient estimated on the
reconstructed part of the trajectories. After computation, each spot in the kth
image is then associated to the trajectory to which it is most likely to belong.
For each trajectory, we ﬁrst computed the MSD versus time function
between 0 and Ttot/5 where Ttot is the trajectory duration. The presence of a
directed motion was determined using a criterion introduced by Kusumi et al.
(20). In brief, the instantaneous diffusion coefﬁcient D was measured by
ﬁtting the ﬁrst ﬁve points of the MSD curve. For a trajectory where
MSD(Ttot/5) . 4D(Ttot/5), the MSD between 0 and Ttot was adjusted with a
quadratic curve 4Dt 1 v2t2. Based on the values of D, v, and Ttot, the sta-
tistical error was estimated at t¼ Ttot/5. A trajectory was considered directed
when the MSD departed from the diffusive approximation 4Dt by .1
standard deviation. The SCI method was then applied to identify local
periods of directed movements.
RESULTS
Synthetic data
We ﬁrst generated 100 ‘‘conveyor-belt’’ trajectories with a
Brownian component D ¼ 0.25 mm2 s1 and containing a
single phase of directed movement with velocity v ¼ 0.8
mm s1 . The duration of this phase was given by an expo-
nential distribution with parameter T ¼ 4.1 s. We computed
the SCI for each trajectory and applied the detection method
for the phases of directed motion. Using that set of param-
eters, 65% of all events were detected by the SCI analysis.
Most of the lost events were those with a short duration.
However, this does not have a substantial effect on the es-
timate of the drift time. The distribution of measured dura-
tions has a correct exponential shape with a mean value
Tm ¼ 4.5 s. (Fig. 3 A).
Next, we repeated the above analysis by varying the value
of important parameters. The efﬁcacy of detection is highly
dependent on the relative values of the velocity v, the diffusion
coefﬁcient D, and the duration T of the directed motion. In
our simulations, we used a ﬁxed value of D ¼ 0.25 mm2 s1,
typical for a protein freely diffusing in the plasma membrane
(21). We generated trajectories with velocity v varying be-
tween 0.2 and 1.5 mm s1, consistent with the range of
velocities observed in the motion of molecules or organelles
in live cells. In addition, for each value of v, we varied the
duration T from 2.25 to 8 s. Shorter events are not easily
detectable due to the length of the averaging window.
For a given value of T, the detection of directed-motion
periods was, as expected, more efﬁcient for higher values of
velocity, with a detection probability of between 25% and
80% in the range of parameters considered (Fig. 3 B).
Similarly, for a given value of v, the detection rate increased
with T (Fig. 3 C). This result is explained by the difﬁculty of
detecting the shortest events of the distribution, which are
more frequent for a smaller T. However, the measured time
FIGURE 2 (A) Example of simulated trajectories with a period of directed motion (upper) with velocity v¼ 0.8 mm s1 (solid line, between 8.7 s and 15.6 s)
and purely Brownian (lower). (B) SCI for the directed trajectory (solid line) and two Brownian trajectories (dash-dotted line). The thresholding procedure
enables the detection of the directed period (between 8.0 s and 15.9 s). Due to random ﬂuctuations, high values of the SCI can be reached in Brownian
trajectories for short durations. (C) Threshold determination. A part of the SCI curve above the height H for a continuous time T is indicative of a directed
motion if the point of coordinates (H,T) is in the gray region on the graph.
656 Bouzigues and Dahan
Biophysical Journal 92(2) 654–660
Tm remained close to the input parameter T of the simulation
(Fig. 3 D), with the relative error decreasing from ;20% for
T ¼ 2.25 s to 1% for T ¼ 7.5 s. This error is slightly biased,
since the average duration Tm of the directed motions is
overestimated by the SCI.
Altogether, the results indicate that, by means of the SCI,
periods of directed movements can be identiﬁed and char-
acterized over a wide range of speeds and durations. With
our chosen sets of velocity and diffusion coefﬁcient, the
efﬁcacy of the analysis method breaks down when the mean
duration T is,1 s. The simulations presented here have been
speciﬁcally designed to test the ability of the method to
reveal exponential distribution of directed periods, but the
SCI is in fact suitable for the detection of periods distributed
according to other types of probability law, provided that
their average duration is long enough.
Experimental data
The motions of single GABAARs in GC membranes were
recorded in the central region of the GC or in the lamellipodia.
In the microtubule-rich central region, the MSD had a qua-
dratic shape in 78% of individual trajectories (Fig. 4, A–C).
The trajectories had no preferred orientation, indicating that
they were not due to retrograde actin ﬂow. By adjusting the
MSD in each trajectory with a curve 4Dt 1 v2t2, we de-
termined the distributions of the velocity v and diffusion
coefﬁcientD. The average values (6SEM) were vav¼ 0.296
0.02 mm s1 and Dav ¼ 0.25 6 0.01 mm2 s1 (n ¼ 92),
respectively (Fig. 4,D and E). In contrast, the receptors mov-
ing in the actin-rich lamellipodia had on average a purely
Brownian motion (D ¼ 0.26 6 0.02 mm2 s1, n ¼ 38).
When the microtubules (MTs) were depolymerized by
nocodazole (1 mM, 1 h),,5% (n ¼ 103) of the MSD curves
had a quadratic component, indicating that the directed
motion had been almost entirely abolished (Fig. 4 C). After
washing neurons extensively and letting them recover for
1 h in fresh medium to allow microtubule polymerization,
80% of GABAARs had a directed motion (Fig. 4 C) with an
average velocity v¼ 0.286 0.03 mm s1 (n¼ 35) (Fig. 4 F),
very similar to the velocity value before applying the drug.
Altogether, these observations indicate that the directed
motion of GABAARs in the GC membrane was due to the
microtubules.
The directed motion was next analyzed with the SCI (Fig.
5, A and B). In 64% of these trajectories, we detected the
presence of temporary directed motion. To check the consis-
tency of our analysis, we computed the MSD on parts of the
trajectories identiﬁed as purely Brownian and found that the
average MSD was linear (Fig. 5 C). The motion of the recep-
tors is therefore not the result of a permanent drift combined
with Brownian diffusion but consists of transient periods
of directed motion, and can thus be designated as conveyor-
belt movement (11,17). This reﬂects the existence of an
equilibrium between two distinct ‘‘dynamic states’’ for the
GABAARs: a state in which they interact with microtubules
and one in which they diffuse freely (Fig. 6).
When calculated for the directed periods only, the MSD
varied quadratically with a velocity vinst¼ 0.756 0.04mm s1
(n ¼ 59) (Fig. 5, D and E). The diffusion coefﬁcient D ¼
0.266 0.02 mm2 s1 (n¼ 59) was not signiﬁcantly different
from the value determined on the complete trajectories. The
durations of the directed phases are exponentially distrib-
uted, with a mean value of 4.0 s (Fig. 5 F). This observation
is indicative of a one-step process and suggests that GABAARs
unbind from microtubules at a rate koff ¼ 0.25 s1.
The nature of the microtubule-dependent motion of the
receptors remains to be determined: are receptors actively
moving along a microtubule (through interactions with a
molecular motor) or are they carried during the microtubule
polymerization? Although it was not possible to fully dis-
criminate between the two models, several experimental facts
led us to favor the latter hypothesis. First, the average elon-
gation speed of microtubules in nerve GCs, previously de-
termined by tracking GFP-tagged end-binding proteins, is
equal to ;0.3 mm s1 (22), close to the average velocity vav
obtained for the receptors’ motion. Second, when the mi-
crotubules were frozen in their polymerized state by the
action of taxol (1 h in 10 mg ml1), the MSD had a negative
curvature. This could be interpreted as evidence for either
FIGURE 3 (A) Distribution of detected drift times in simulated trajecto-
ries (bins) and the resulting exponential ﬁt with Tm ¼ 4.5 s (solid curve),
compared to the exponential distribution with T¼ 4.1 s (dashed curve) used
as input in the simulation. (B and C) Percentage of detection as a function of
(B) the velocity v for T ¼ 2.25 s (1), 3 s ()), 4.1 s (h) and 8 s (X), and (C)
the average duration T for v ¼ 0.2 mm s1 (*), 0.4 mm s1 (h), 0.8 mm s1
()) and 1.5 mm s1 (1). In all the trajectories,Dwas equal to 0.25mm2 s1.
(D) Average duration Tm of the directed periods as a function of the duration
T used in the simulation.
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anomalous diffusion MSDðtÞ ¼ 4Dta (a 0.9) or a conﬁned
motion MSDðtÞ ¼ L2ð1 e4Dt=L2Þ in a region of typical
size L ¼ 2.6 mm. In either case, it excludes the possibility
that receptors have a directed movement and underlines that
the microtubule dynamics is the cause for the receptor trans-
port (Fig. 6). In addition, the receptors appeared to be mostly
conﬁned to a region close to the limit between the central and
peripheral regions of the GC, where the microtubule ends are
located.
We also sought to evaluate the speciﬁc role of actin ﬁla-
ments. Depolymerization by a latrunculin A treatment (3 mM
during 20 min) caused a reduction from 80% to 35% in the
fraction of receptors having a directed motion. The average
speed of these motions was vlat ¼ 0.29 6 0.02 mm s1 (n ¼
38), comparable to the velocity in the control case. Since
receptors in the lamellipodia do not exhibit directed motion,
actin seems to be involved, but only indirectly, in the receptor
locomotion. The decrease in the fraction of directed move-
ment possibly results from the change in the microtubule dy-
namics induced by an alteration of the actin network (23–25).
DISCUSSION
The development of a new statistical tool, the speed cor-
relation index, combined with single quantum-dot imaging
has enabled the characterization of the conveyor-belt motion
of GABAA receptors in the GC membrane. In the GC central
region, GABAARs randomly alternate between a Brownian
movement and a directed motion. Given the values of the
diffusion coefﬁcient,D 0.25 mm2 s1, and the velocity v
0.75 mm s1, during the phases of directed movement, as
well as their typical duration, T 4 s, these phases cannot be





is close to vT, the displacement due to
transport.
Other methods have been proposed to detect deviation
from a Brownian diffusion in the lateral dynamics of single
molecules (11–13). In particular, Saxton theoretically dis-
cussed how two parameters, the extent and the anisotropy of
the trajectory, could be analyzed to distinguish a directed
movement from a random walk, but not in the context of
transient effects (17). In fact, the computation of the correla-
tions in speed, combined with the temporal ﬁltering proce-
dure, directly takes into account these two aspects (extent
and anisotropy) of the motion in one single parameter.
Pharmacological treatments indicated that the GABAAR
directed movements were microtubule-dependent. The in-
teraction between receptors and MTs possibly occurred at
the MT tips and the receptors’ motion resulted from the MT
dynamics (Fig. 6). This possibility is of particular interest
FIGURE 4 (A) Trajectory of a single GABAAR in the GCmembrane. (B) MSD computed between 0 and Ttot/5 with a quadratic ﬁt 4Dt1 v
2t2 (D¼ 0.30mm2
s1, v ¼ 0.35 mm s1). (C) Proportion of directed trajectories in the control case and after drug treatment. (D and E) Distribution of diffusion coefﬁcients and
velocity of GABAARs in the control case. (F) Distribution of velocity after microtubule depolymerization by nocodazole and 2-h recovery in free medium.
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considering the role of proteins binding at MT plus-ends
in the regulation of MT stabilization and growth during
nerve chemotaxis (26,27). Since no direct coupling between
GABAARs and MTs has been reported, this interaction is
probably mediated by other proteins. Although further experi-
ments are needed to properly identify them, some molecules
can already be considered as possible candidates. GABARAP
(GABA receptor associated protein) has been shown by im-
munoprecipitation studies to interact with the g2 subunit of
GABAAR and with tubulin (28). It is also involved in the
trafﬁcking of receptors to the plasma membrane (29,30).
Another possibility is gephyrin, a scaffolding protein (31)
involved in the dynamics of GABAARs in postsynaptic
membranes (32) and known to interact with microtubules.
Our data raise the question of the functional implications
of the conveyor-belt motion of GABAARs in the membrane.
In GCs, activation of GABAARs by an external GABA gra-
dient triggers a signaling cascade (33), which leads to growth-
cone steering and elongation (14,15). The coupling between
MTs and GABAARs suggests that the cytoskeleton is not
only a target of the signaling pathway but might also play a
role in the regulation of the spatial organization of the sig-
naling molecules and complexes. In other words, receptors
could be actively displaced during remodeling of the cyto-
skeleton, which was induced by their own activation. Com-
pared to trafﬁcking by Brownian diffusion alone, directed
transport presents several advantages because it more easily
allows the formation of anisotropy in the concentration of
molecules and is also a faster process when molecules need
to be translocated over large distances.
In the context of GABA gradient sensing, the existence of
a feedback loop between the activity of GABAARs and their
lateral dynamics—mediated by MTs—is an appealing hy-
pothesis. It is supported by the results of experiments showing
that, in the presence of a chemoattractant GABA gradient,
GABAARs redistribute by aMT-dependent mechanism across
the GC membrane toward the gradient source (C. Bouzigues,
A. Triller, and M. Dahan, unpublished data). The signiﬁcance
of this observation for the sensitivity of gradient sensing by
GCs will be discussed in later publications. More generally,
the direct coupling between the sensing apparatus and cyto-
skeletal elements could have a role not only in the detection
of nerve chemotaxis but also in biological processes such as
synaptic plasticity (35) or the establishment of neuronal po-
larity (36), where the activity of receptors inﬂuence their
cytoskeleton-dependent reorganization.
In conclusion, the SCI is a sensitive and quantitative tool,
having the potential to be used in a large variety of systems
FIGURE 5 (A) Example of an experimental trajectory. (B) Corresponding
SCI. In both graphs, the detected period of directed motion is indicated by
the red continuous line. (C) Average MSD during the periods identiﬁed by
the SCI asBrownianwith a linear ﬁt 4Dt,D¼ 0.21mm2 s1 (dashed line). (D)
AverageMSDduring the periods identiﬁed as directedwith a quadratic ﬁt 4Dt
1 v2t2,D¼ 0.26mm2 s1 and v¼ 0.76mm2 s1 (solid line). (E) Distribution
of velocity in the directed periods. (D) Distribution of the duration of directed
periods adjusted with an exponential curve exp(t/t) with t ¼ 4.0 s.
FIGURE 6 Conveyor-belt motion of GABAARs in the GC membrane.
Receptors switch between free diffusion and MT-dependent directed move-
ment. As a result of this dynamic equilibrium, individual GABAARs are
displaced with an average velocity of ;0.3 mm s1. The molecular inter-
mediate (circle with a question mark) between receptors and microtubules is
not known.
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where transient directed motions are involved, but difﬁcult
to extract from the Brownian ﬂuctuations. Combined with
advanced single-molecule techniques, it should prove useful
for analyzing the trafﬁcking of biomolecules, either in the
membrane or in the cytoplasm, and relate their spatial dy-
namics to functional properties of the cells.
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